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ORIGINAL RESEARCH ARTICLE

Abstract- The fabrication of metal-insulator—-metal (MIM) diode using an ultrathin Al,O3 insulator layer, deposited using atomic layer
deposition (ALD) is presented. The Al,O; insulating layer was found to be highly uniform throughout the diode junction, effectively overcoming
the main fabrication challenge in MIM diodes. The diodes exhibit strong non-linear current-voltage curves, have a typical zero-bias curvature
coefficient of 5.4 V™" and a zero-bias resistance of approximately 118 kQ, a value considerably smaller than other MIM diode topologies and
that allows more current to be rectified. Other results including current ratio and yield of the diode also competes favourably with the state-of-

the-art MIM diodes such as the recently produced metal-octadecyltrichlorosilane (OTS)-metal structure.

Keywords- Atomic Layer Deposition, Conformal insulator, Metal-insulator-metal diodes, Zero-bias curvature coefficient.

1 INTRODUCTION

he metal-insulator-metal (MIM) diode is a quantum

device consisting of a thin insulator deposited

between two thin metal electrode films with different
work functions, which cause an asymmetric electric
current to flow through the insulator with respect to the
polarity of the electrodes and can operate at frequencies
well into the infrared range (Sakuma & Evenson, 1974;
Evenson et al., 1970; Drullinger et al., 1983; Denisov et al.,
2007; Evenson et al., 1984). As a result, the device is useful
in a broad range of applications, including wireless power
transfer such as in intraocular pressure (IOP)
measurement soft-contact lens and radio-frequency
identification (RFID) tags, thermal-energy harvesting,
and high frequency detectors (Jinpeng et al., 2012; Pan et
al., 2014; Periasamy et al., 2011).

The main problem with the manufacturing of MIM
diodes is the uniform insulator deposition, as a very thin
insulator layer, not more than 4 nm, equivalent to a few
atomic layers, must be utilized. Due to the deposition
technique mostly used, such as sputtering, exposure to
ambient environment, reactive ion etching (RIE) and
exposure to a moist elevated temperature environment
(Dodd et al., 2012), this often results in a defective layer of
insulator film with many pin holes, which causes short-
circuit to occur in the diode terminals and drastically
reduces throughput. To overcome this problem, the
development of a MIM diode in which organometallic
molecules self-assembles in an insulating monolayer was
reported (Etor et al., 2016).
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The diode utilized an octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM), which consists of carbon
chains strongly packed together with an overall thickness
of approximately 2 nm. Due to the nature of the self-
assembly, a second layer cannot grow on top of the first
one, resulting in a uniform thickness over large areas
determined by the SAM chemistry (Etor et al., 2016; Etor
etal., 2019). The structure of our MIM diode in (Etor et al.,
2016) is titanium-octadecyltrichlorosilane-platinum
(Ti/OTS/Pt) and the electrical results obtained upon
characterization, such as current-voltage characteristics,
zero-bias curvature coefficient, zero-bias resistance, and
electron conduction, competes favourably with the state-
of-the-art (Mitrovic et al.,, 2021; Hemmetter et al., 2021;
Etor et al., 2019).

In this work, further improvements to the (electrical)
performance and throughput of MIM diodes available in
literature is reported. Here, atomic layer deposition
(ALD), an emerging thin film deposition technique has
been used to define 2 nm thick Al20s insulating layer in-
between titanium and platinum metal films, forming a
Ti/ALOs/Pt MIM structure with stronger nonlinear
current-voltage (J-V) characteristic and  higher
throughput than that of the Ti/OTS/Pt structure
previously reported in (Etor et al., 2016).

2 METHODOLOGY

2.1 ATOMIC LAYER DEPOSITION (ALD)

ALD is a method used in the deposition of high-quality
thin films (up to a few nm) of diverse materials, including
metals (Griffiths et al., 2016; Gordon et al., 2015; Niskanen
etal., 2007; Chalker et al., 2010; Kariniemi et al., 2011) and
metal-oxides (Wang et al., 2008; Hausmann et al., 2002;
Kukli et al., 2000), with an accurate number of atomic
layers, on the surface of a sample. During deposition,
there is an alternating sequence of gaseous chemical
precursors that react with the surface of the sample. These
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individual gas-surface reactions are called half-reactions
(Johnson et al., 2014) and makes up only a part of the
material’s synthesis. In each half-reaction, the precursor is
injected into a chamber (reactor) under vacuum for a
designated period to allow the precursor to react fully
with the surface via a self-limiting process that leaves
only one monolayer at the surface. Subsequently, the
chamber is purged with an inert carrier gas (typically N
or Ar) to remove any residual precursor molecules.
Afterward, the counter-reactant precursor pulse and
purge are performed, which results in the formation of up
to one layer of the desired material. A repeat of the
process is then carried out until the required film
thickness has been achieved. Therefore, by a careful
selection of the number of repetitions of the process,
materials with high uniformity and precise thicknesses
can be deposited on the surfaces of samples.

2.2 AL20;3 INSULATOR DEPOSITION PROCESS

An Ultratech Savannah G2 ALD was utilized in this
project to grow an Al:Os insulating layer onto titanium by
subjecting the titanium to alternate pulses of
trimethylaluminum (TMA) and H2O vapour precursors.
Firstly, nitrogen gas (N2) was used to purge the ALD
chamber of any residual precursor molecules which
might have remained from previous depositions. During
the TMA exposure (the first half-reaction), the TMA
chemisorbed on the titanium surface, leaving the surface
coated with a layer of AICHs after the reaction had
completed. Any remnant of the TMA was purged out of
the chamber. The other precursor (H-O vapour) was then
pulsed. The H>O vapour reacted with the surface —
CHs forming CHs as a reaction by-product and resulted in
a thin AL2Os film being formed. The cycle was then further
repeated 22 times, with a synthesis of 2 nm thick
AlOs being deposited. Fig. 1 (not drawn to scale)
illustrates the deposition process and Table 1 shows a
summary of the parameters (and their values) used for the
process.

Table 1. The process parameters used for depositing 2 nm
of an Al20s layer

Parameter Value

N2 flow rate 20 sccm

Stabilise 5400 sec

Pulse 1 (TMA) 0.015 sec
Wait 5 sec

Pulse 2 (H20 vapour) 0.015 sec
Wait 5 sec

Repeat cycle 22 cycles

3 Ti/AL203/PT DIODE FABRICATION

Fig. 2 (not to scale) shows the process of fabricating the
diode (Etor et al., 2016), with the major difference being
utilizing ALOs rather than OTS. A two-layer film of
approximately 25 nm of titanium metal coated with 100
nm of gold metal was deposited by electron beam
evaporation and lift-off (a)) In a subsequent
photolithographic step, gold was removed by an
iodine/potassium-iodide (4:1:8 KI:I2H20) wet etch,
leaving exposed small areas of titanium (b-c). After
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Fig. 1: Schematic diagram of the ALD deposition process for
an Al,Osfilm on a titanium surface. Substrate coated with
titanium was placed in the ALD chamber (a), and (b) the first
precursor (TMA) was pulsed, with the first half-reaction taking
place. After the reaction had completed, residues of the TMA
were purged out of the chamber using N3 (c). (d) Is the titanium
surface covered with (AICH3) the product of the first half-
reaction. The second precursor (H,O vapour) was pulsed, with
the second half-reaction taking place (e). Residues of the H,O
vapour were purged using N (f), and (g) a thin Al,Osfilm is
formed. The cycle was further repeated 22 times, with a 2 nm
thick Al,O3 layer being achieved.

removing the photoresist (d) a 2 nm thick of ALOs was
then deposited on the exposed titanium (e) using the
technique described in Section 2.2 above. After a further
photolithographic step, a 40 nm thick layer of platinum
was coated on the sample and then patterned through lift-
off in the covered regions, resulting in small Ti/Al2Os/Pt
junctions (g-h). Leads and bonding pads were added to
conclude the MIM diodes fabrication. A sketch of the
device cross-section and an atomic force microscopy
(AFM) image of a fabricated structure is shown in Fig. 3.
The crossover at the middle of the image is the MIM
junction and has a feature size of approximately 10 um x
10 pm.

4 DC CHARACTERIZATION OF THE TI/AL203/PT
DiobE

The devices were electrically characterized using a

parameter analyser. The diodes were tested over a voltage

range of +0.2 V. A typical |-V characteristic of the diode is

plotted in Fig. 4, showing a strong non-linearity at zero-

bias (i.e., V = 0YV). The zero-bias curvature coefficient
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Fig. 2: Fabrication process for the Ti/Al,O4/Pt MIM diode. (a)
Ti/Au two-layer on borosilicate glass. Photolithographic
patterning (b) followed by gold wet etching (c). Photoresist
removal (d) and Al,O; deposition (e). Photolithographic
patterning (f), Pt coating (g) and lift-off (h).

(vzg), a figure of merit for MIM junctions, as can be seen
in Fig. 5, is approximately 5.4 V.

Curvature coefficient, y, is a measure of the non-linearity
of the rectifier I-V characteristic at a given point,
expressed in Eq. 1 (Etor et al., 2016)) and affects rectified
current in MIM diodes. The y can be obtained at any
desired voltage but is more useful at zero-bias especially
for applications like energy detection or harvesting where
there would not be biasing when in operation (Etor et al.,
2016).

V= NLRV|V=Vg D
where N, is the non-linearity of the rectifier at a
particular voltage 1, as expressed in Eq. 2 (Etor et al.,

2016).
N, = 4 (2)
LT ave ver,
and R the rectifier resistance at a particular voltage V,
defined by Eq. 3 (Etor et al. (2016)).
_di?
*= (@) ®

V=Vy4

The parameters stated above can be extracted directly via
electrical measurement or from polynomial fitting to the
rectifier I-V characteristic raw results (Etor et al. (2016)).
The typical Ti/ALOs/Pt device resistance as a function of
voltage is shown in Fig. 6, with the zero-bias resistance
(Rzp) being approximately 118 k(), a value considerably
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smaller than other MIM diode topologies and that allows
more current to be rectified.

Crossover denoting
the MIM junction

Pt electrode

Ti electrode Au leads

(b)

Fig. 3: A sketch of the device cross-section (a) and an AFM
image of a fabricated Ti/Al,O4/Pt structure (b). The titanium
and platinum electrodes act as the anode and the cathode,

respectively.
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Fig. 4: Typical J-V characteristics of a manufactured
Ti/Al,O4/Pt MIM diode.
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Fig. 5: Typical curvature coefficient plot of a manufactured
Ti/Al,O3/Pt MIM diode.
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Fig. 6: Typical resistance plot of a manufactured Ti/Al,O4/Pt
MIM diode.

5 ComPARISON BETWEEN THE DC ELECTRICAL
PARAMETERS OF AL203 INSULATOR DIODE AND
OTS INSULATOR DIODE

To measure how the performance of the fabricated

Ti/ALOs/Pt MIM diode competes with other MIM diode

topologies, the DC electrical parameters of the

(Ti/ALOs/Pt) diodes were compared with the DC

electrical parameters of our OTS MIM diode (Ti/OTS/Pt)

topology fabricated and reported previously in (Etor et al.

(2016)). Shown in Fig. 7 are the typical -V curves of the

OTS and AlOs diodes. As can be seen, the two J-V

characteristics look similar; however, the Al:Osinsulator

diode has a slightly higher current density than the OTS
insulator diode. The Al:Osdiodes were also found to have
more uniform electrical results than the OTS diodes. This
can be seen in Table 2. The table shows the average values
of zero-bias curvature coefficient (y,z), current ratio,
current density, and throughput (with the standard
deviation in those results shown in brackets). The more
uniform results and improved current density associated
with the A2Os diodes are due to the high precision of the
AlLQO:s film deposition performed using the ALD.
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Fig. 7: Typical J-V curves of the OTS and Al,Os insulator diodes.
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Table 2. Comparison of electrical parameters between OTS
and Al203 diodes (128 OTS and 128 Al.Os diodes were
used for this comparison)

2 nm OTS 2.nm Al20s
Parameter insulator diode insulator
(ALD) diode
Average yzp (V1) 5.6 5.9
Average yzp (V1) 3.5(0.4) 3.8(0.2)
Average'current 1.8 (05) 1.8(0.3)
ratio
Average current
4
density (A/cm?) ? %
Throughput (%) 78 82
4 CONCLUSION

The production and DC electrical characterization of MIM
diodes with Al:Osinsulator, deposited using the ALD, has
been presented. The DC analysis showed that the devices
have strong non-linear |-V characteristics with typical
zero-bias curvature coefficient (y;5) and resistance of
approximately 5.4 V1 and 118 kQ respectively. A
comparison between the DC electrical results of the
manufactured AL:QOs insulator diodes and OTS insulator
diodes were made, with the Al:Os insulator diodes
producing slightly better results, including current
density, zero-bias curvature coefficient and yield.
Although the DC electrical results of the Al.Osinsulator
diodes here are slightly better, the advantages the OTS
insulator diodes present, such as low-cost of production,
low-temperature manufacturing process and the
possibility it presents for the roll-to-roll volume
manufacture of MIM devices, cannot be ignored. It will be
a case of making a choice between a slight improvement
in electrical parameters and a huge difference in
production cost, with the OTS device being the cheaper
one.
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